We present results for the measurement of φ meson production via its charged kaon decay channel φ → K + K − in Au+Au collisions at √ s N N = 62.4, 130, and 200 GeV, and in p + p and d+Au collisions at √ s N N = 200 GeV from the STAR experiment at the BNL Relativistic Heavy Ion
We present results for the measurement of φ meson production via its charged kaon decay channel Collider (RHIC). The midrapidity (|y| < 0.5) φ meson transverse momentum (pT ) spectra in central Au+Au collisions are found to be well described by a single exponential distribution. On the other hand, the pT spectra from p + p, d+Au and peripheral Au+Au collisions show power-law tails at intermediate and high pT and are described better by Levy distributions. The constant φ/K − yield ratio vs beam species, collision centrality and colliding energy is in contradiction with expectations from models having kaon coalescence as the dominant mechanism for φ production at RHIC. The Ω/φ yield ratio as a function of pT is consistent with a model based on the recombination of thermal s quarks up to pT ∼ 4 GeV/c, but disagrees at higher transverse momenta. The measured nuclear modification factor, R dAu , for the φ meson increases above unity at intermediate pT , similar to that for pions and protons, while RAA is suppressed due to the energy loss effect in central Au+Au collisions. Number of constituent quark scaling of both Rcp and v2 for the φ meson with respect to other hadrons in Au+Au collisions at √ s N N =200 GeV at intermediate pT is observed. These observations support quark coalescence as being the dominant mechanism of hadronization in the intermediate pT region at RHIC.
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I. INTRODUCTION
The φ(1020) vector meson's properties and its transport in the nuclear medium have been of interest since its discovery [1] . The proper lifetime of the φ meson is about 45 fm/c and it decays into charged kaons K + K − with a branching ratio of 49.2%, and more rarely into the dilepton pairs e + e − (B. R. of 2.97 × 10 −4 ) and µ + µ − (B. R. of 2.86 × 10 −4 ). The mechanism for φ meson production in high energy collisions has remained an open issue. As the lightest bound state of strange quarks (ss) with hidden strangeness, φ meson production is suppressed in elementary collisions because of the Okubo-Zweig-Iizuka (OZI) rule [2, 3, 4] . The OZI rule states that processes with disconnected quark lines in the initial and final state are suppressed. In an environment with many strange quarks, φ mesons can be produced readily through coalescence, bypassing the OZI rule [5] . The φ meson has been predicted to be a probe of the quark-gluon plasma (QGP) formed in ultrarelativistic heavy-ion collisions [6, 7, 8, 9, 10, 11] .
On the other hand, a naive interpretation of φ meson enhancement in heavy-ion collisions would be that the φ meson is produced via KK → φ in the hadronic rescattering stage. Models that include hadronic rescatterings such as RQMD [12] and UrQMD [13] have predicted an increase of the φ to K − production ratio at midrapidity as a function of the number of participant nucleons. This prediction was disproved in Au+Au collisions at √ s N N = 200 GeV, from STAR year 2001 data [14] . With the higher statistics data newly recorded from the Solenoidal Tracker at RHIC (STAR) experiment [15] , a precise measurement of the φ/K − ratio as a function of beam energy and collision centrality is presented to confirm this finding in this paper.
The in-medium properties of vector mesons in the hot and dense environment are also interesting [11] . The mass and width of the φ meson were predicted to change because of the partial restoration of chiral symmetry in the nuclear medium. Asakawa and Ko [16] and Song [17] predicted that the φ mass decreases as a result of manybody effects in a hadronic medium. A double φ peak structure in the dilepton invariant mass spectrum from relativistic heavy-ion collisions was proposed as a signature of a phase transition from the QGP to hadronic matter [18] . Other calculations have predicted that the φ meson width can be widened significantly due to nuclear medium effects [19, 20, 21] . Recently, an interesting φ mass modification at normal nuclear density in 12 GeV p + A interactions was observed in the dilepton channel (e + + e − ) from the KEK experiment [22, 23] . In STAR, we measure the φ meson mass and width to compare with these predictions/measurements, using the decay channel
From phenomenological analysis, it is suggested that the φ meson mean free path in hadronic media is large because of its small cross section of scattering with hadrons [5] . Many other calculations also indicate that the φ meson has small rescattering cross sections with hadronic matter [19, 20] . However, after including threeand four-vector meson vertices into their hidden local symmetry model, Alvarez-Ruso and Koch [24] found that the φ meson mean free path in nuclear media is smaller than that usually estimated. Ishikawa et al. [25] presented new data on near-threshold φ photoproduction on several nuclear targets. They found that the cross section between φ meson and a nucleon, σ φN , is equal to 35 +17 −11 mb, which appears to be much larger than previous expectations although the experimental uncertainty is very large [26] . Meanwhile, Sibirtsev et al. [27] presented a new analysis of existing φ photoproduction data and found σ φN ∼ 10 mb. Thus, σ φN in heavy-ion collisions is still unclear.
The measurement of collective radial flow (represented by p T ) probes the equation of state of matter produced in nuclear collisions [28, 29] . Strong radial flow has been observed for many particles such as π, K, and p(p) [30] . If the φ meson has indeed small hadronic rescattering cross sections and decouples early from the collision system, contributions to the radial flow of the φ meson will be mostly from the partonic stage instead of the hadronic stage. Thus the φ meson may have a significantly smaller radial flow than other hadrons with similar mass, such as the proton, especially in central heavy-ion collisions. Therefore, φ mesons may carry information about the conditions of nuclear collisions before chemical freeze-out. Thus it is important to experimentally measure and compare the freeze-out properties of the φ to other hadrons as a function of centrality and collision species. A comprehensive set of measurements will shed light on the characteristics of φ meson production and the evolution of the collision system.
The elliptic flow parameter v 2 is a good tool for studying the system formed in the early stages of high energy collisions at RHIC. It has been found that at low p T (0 < p T < 2 GeV/c), the dependence of v 2 on particle mass [31, 32, 33] is consistent with hydrodynamic calculations in which local thermal equilibrium of partons is assumed [34, 35, 36, 37, 38] . This observation indi-cates that thermally equilibrated partonic matter may have been created at RHIC. However, at intermediate p T (2 < p T < 5 GeV/c), the measured v 2 for various hadrons seems to depend on the number of constituent quarks in the hadron rather than its mass, consistent with the results from coalescence/recombination models [39, 40, 41, 42, 43, 44] . Since φ is a meson but has a mass close to that of the proton and Λ, the measurement of the φ meson elliptic flow will provide a unique tool for testing the above statement.
Current measurements of various hadrons by STAR (Λ, p, K 0 S , K(892)
* , h ± , etc.) show that the nuclear modification factor R cp for baryons differs from that of mesons [45, 46] , consistent with the prediction of quark coalescence/recombination models [42, 43, 47, 48] . Because of the value of the φ meson mass, a comparison of R cp for the φ with these previous measurements will conclusively determine if the observed difference is driven by particle mass or particle type.
In previous studies, the production of the φ meson has been measured in Au+Au collisions at √ s N N = 130 GeV [49] and in Au+Au and p + p collisions at √ s N N = 200 GeV [14] at RHIC. The Au+Au 200 GeV data presented in this paper were taken from the year 2004 run, where the number of events is approximately ten times larger than the previously reported number for the Au+Au run in year 2001 [14] . The data from the year 2004 run contain the data reported in ref. [50, 51] . It has been found that the results from the two runs are consistent with each other. In this paper, we present systematic measurements of φ meson production over a broad range of collision energies and system sizes, including Au+Au collisions at √ s N N = 62.4, 130 [49] , and 200 GeV, and p + p [14] and d+Au collisions at √ s N N = 200 GeV from the STAR experiment. In Sec. II, we briefly introduce the STAR detector and discuss our analysis method (event-mixing technique) in detail. In Sec. III, we present the measurement of φ meson invariant mass distributions (III A), transverse mass m T ) spectra (III B, particle ratios (III C), nuclear modification factors (III D) and the elliptic flow parameter v 2 (III E); we also discuss the physics implication of each of these results. A summary and conclusions are presented in Sec. IV.
II. DATA ANALYSIS

A. Experimental Setup
The STAR detector [15] consists of several subsystems in a large solenoidal analyzing magnet. We discuss here the subdetectors used in the analyses relevant to this paper. With its axis aligned along the beam direction, the time projection chamber (TPC) [52] is the main tracking device for charged particles, covering a pseudorapidity range |η| ≤ 1.8 and providing complete azimuthal coverage. The entire TPC is located inside a solenoidal magnet, and data are taken at the maximum magnetic field |B z | = 0.5 Tesla, where the z axis is parallel to the beam direction. Radial-drift TPCs (FTPCs) [53] are also installed to extend particle tracking into the forward and backward regions (2.5 < |η| < 4.0). Surrounding the TPC is the central trigger barrel (CTB) [54] , which is a scintillator counter array whose analog signal is sensitive to the total charged particle multiplicity with coverage |η| ≤ 1.0. A pair of beam-beam counters (BBCs) at 3.3 < η < 5.0 and a pair of zero degree calorimeters (ZDCs) [55] at θ < 2 mrad are located on either side of the collision region along the beam line, and are used to provide event triggers for data taking. A more detailed description of the STAR detector can be found in Ref. [15] and references therein.
B. Event selection
T rigger selection
The Au+Au data used in this analysis were taken with two different trigger conditions. One was a minimum-bias (MB) trigger requiring only a coincidence between both ZDCs. The other was a central trigger additionally requiring both a large analog signal in the CTB indicating a high charged particle multiplicity at midrapidity and a small ZDC signal. The ZDCs measure beam-velocity neutrons from the fragmentation of colliding nuclei and were used as the experimental level-0 trigger for selecting d+Au and Au+Au collisions for their respective runs. For p + p data taking, the BBCs were used as trigger detectors. The central trigger corresponds to approximately the top 15% and 12% of the measured cross section for Au+Au collisions at 130 GeV and 200 GeV, respectively. Data from both the MB and central triggers were used for this analysis. For the Au+Au 62.4 GeV data set, only MB triggered events were used. For p + p collisions at 200 GeV, the MB trigger was used in the analysis. It was based on a coincidence between the two BBCs. The BBCs are sensitive only to the non-single diffractive (NSD) part (30 mb) of the p + p total inelastic cross section (42 mb) [14] .
V ertex cuts and centrality selection
The longitudinal z position of the interaction point is determined on-line by the measured time difference of the two ZDCs's signals. A cut on the z position of the interaction point is applied on-line for all data sets (except p + p) in order to maximize the amount of useful data for physics analysis, since events with primary vertices far away from the center of the TPC have a significant nonuniform acceptance. In the off-line data analysis further cuts are applied on the z position of the reconstructed primary vertex (V Z ), to ensure nearly uniform detector acceptance. These cuts are listed in Table I .
To define the collision centrality for the Au+Au data, the raw charged hadron multiplicity distribution in the TPC within a pseudo-rapidity window |η| ≤ 0.5 (|η| ≤ 0.75 was used for the Au+Au 130 GeV data) was divided into several bins. Each bin corresponds to a certain fraction of the total inelastic cross section [56] . For the d+Au data, the raw charged hadron multiplicity in the east (Au-direction) FTPC (-3.8 < η < -2.8) was used for the centrality definition to avoid auto-correlation between centrality and the measurements of charged particles at midrapidity in the TPC [56] . We defined four centrality bins for the Au+Au 62. C. Track selection and particle identification
T rack selection
Several quality cuts were applied to ensure selection of good tracks. During the TPC track reconstruction, a charged track was extrapolated back to the beam line by using the reconstructed helix parameters. If the distance of closest approach (DCA) of the track to the event vertex was less than 3 cm and the track had at least ten hit points in the TPC, the reconstructed track was labeled as a primary track. The helix parameters for primary tracks were then refitted by requiring that the helix pass through the primary vertex location. This procedure improved the momentum resolution of tracks. Since the φ meson has a very short lifetime, it decays at the primary vertex position. Thus only primary tracks were used for the φ meson analysis. As a systematic check, the DCA selection for primary tracks was changed from 3 cm to 1 cm. The differences in the results were small and were included in the estimate of systematic uncertainties. Tracks with transverse momentum less than 0.1 charge (GeV/c) × momentum GeV/c were not used, as their combined acceptance and efficiency becomes very small. Each track included in the φ analysis was required to have at least 15 hit points out of 45 used in the fitting of the tracks helix parameters. The ratio of the number of space points used in the track reconstruction to the maximum possible number of hit points was required to be greater than 55% to avoid split tracks where a real track is reconstructed in two or more segments. A pseudo-rapidity cut |η| < 1.0 (|η| < 1.1 for Au+Au 130 GeV data) was applied to select tracks that are well within the TPC acceptance.
Kaon selection
Particle identification (PID) was achieved by correlating the ionization energy loss (dE/dx) of charged particles in the TPC gas with their measured momentum. The measurement of mean dE/dx was achieved by averaging the measured dE/dx samples along the track after truncating the top 30%. The measured dE/dx versus momentum curve is reasonably well described by the Bethe-Bloch function [57] smeared with the detector's resolution (note that the Bichsel function was used to fit the dE/dx plot in Au+Au 200 GeV from the year 2004 run [58] ). The n σ values for kaons are calculated via
where dE/dx measured and dE/dx expected are dE/dx measured by TPC and calculated analytically, respectively, and R denotes the dE/dx resolution of the track which is found to range between 6% and 10%. R is determined experimentally and depends on the event multiplicity and the number of dE/dx samples from the track used to calculate the mean value. Tracks within 2σ of the kaon Bethe-Bloch curve were selected as kaon candidates. Figure 1 presents the measured dE/dx versus momentum × charge in Au+Au collisions at 62.4 GeV. Note that from the dE/dx measurement, kaons cannot be clearly separated from pions above p ∼ 0.6 GeV/c and from protons/antiprotons above p ∼ 1.1 GeV/c. Also note that the electron and positron dE/dx bands cross the bands for pions, kaons, and protons/antiprotons. Therefore selected kaon candidates are contaminated by electrons/positrons, pions and protons/antiprotons varying with p. Contamination by these charged particles in the kaon sample brings in additional real correlations (such as particle decays) which cannot be subtracted by the event-mixing method. We have varied the n σ cut for kaon to investigate the efficiency and combinatorial background dependence of the φ signal extraction on this cut. The resulting systematic uncertainties have been included in the estimate of the total systematic errors.
D. Event mixing and raw yield extraction
The φ meson signal was generated by pairing all K + K − tracks from the same event that passed the selection criteria and by then calculating the invariant mass m inv for all possible K + K − pairs. As random combinations of K + K − pairs are dominant in this process, the resulting same-event invariant mass distribution contains the φ meson signal on top of a large combinatorial background. An event-mixing technique [59, 60] was applied to calculate the shape of the combinatorial background, where the invariant mass was calculated by pairing two kaons from two different events with same primary vertex and multiplicity bins (mixed event). Ideally, since it combines two different events, the mixed-event distribution contains everything except the real same-event correlations.
The STAR TPC has symmetric coverage about the center of the collision region. However, variations in the acceptance occur, since the collision vertex position may change considerably event-by-event. This variation in the collision vertex position gives rise to a nonstatistical variation in the single-particle phase-space acceptance, which would lead to a mismatch between the mixed-event and same-event invariant mass distributions. This mismatch would prevent the proper extraction of the φ meson signal. By sorting events according to their primary vertex V Z position and performing event-mixing only among events in the same vertex bin, the mismatching effect is minimized. In this analysis, events were divided into V Z bins that were 6 cm wide (V Z resolution is ∼ 0.3 mm) for event-mixing. To further improve the description of the background, two events were only mixed if they had similar event multiplicities. These requirements ensure that the two events used in mixing have similar event structures, so the mixed-event invariant mass distribution can better represent the combinatorial background in the same-event invariant mass distribution. Consistent results were obtained when we constructed the background distribution using like-sign pairs from the same event.
To reduce statistical uncertainty in the mixed event, each event was mixed with five to ten other events (depending on the collision system). To extract the φ meson signal, the mixed-event and same-event K + K − invariant mass distributions were accumulated and the mixedevent distribution normalized to the same-event distribution in the region above the φ mass, 1.04 < m inv < 1.06 GeV/c 2 , and subtracted in each p T and y (rapidity) bin for every collision centrality. We varied the normalization region and normalization factor to estimate the systematic uncertainty on the normalization, and the estimated uncertainty was included in the quoted total systematic uncertainty.
Despite the requirements for mixing events described above, a residual background remains over a broad mass region in the subtracted invariant mass distribution. This is due to an imperfect description of the combinatorial background and the fact that the mixed event cannot account for the real correlated background from decay pairs due to Coulomb interactions, photon conversions (γ → e + e − ), and particle decays such as
. For example, when both pions from a K 0 S decay are misidentified as kaons, the real correlation from decay will remain in the same-event as a broad distribution, but will not be reproduced by the event-mixing method.
Due to contamination of electrons/positrons in the selected kaon sample, the K + K − invariant mass distribution contains residual background near the threshold from correlated e + e − pairs, mainly from photon conversions (γ → e + +e − ). The δ-dip-angle between the photon converted electron and positron is usually quite small. The δ-dip-angle is calculated from
where
, p z2 are momentum and transverse and longitudinal momentum components of the two tracks; this represents the opening angle of a pair in the p z -p T plane. We required the δ-dip-angle to be greater to its smaller signal significance. However, after background subtraction, the φ mass peak can be seen clearly for all data sets. The lower panels in Fig. 3 show the mixed-event background-subtracted φ invariant mass distributions. Raw yields for the φ meson were determined by fitting the background-subtracted m inv distribution with a Breit-Wigner function superimposed on a linear (or polynomial) background function
where A is the area under the peak corresponding to the number of φ mesons, Γ is the full width at half maximum (FWHM) of the peak, and m 0 is the resonance mass posi- 
E. Efficiency correction
The φ acceptance and reconstruction efficiency were calculated using an embedding technique, in which simulated tracks were embedded into real events. The number of embedded simulated tracks is approximately 5% of the measured multiplicity of the real event. The φ meson decay (φ → K + K − ) and the detector responses were simulated by the GEANT program package [62] and the simulated output signals were embedded into real events before being processed by the standard STAR event reconstruction code. Embedded data were then analyzed to calculate tracking efficiencies and detector acceptance by dividing the number of reconstructed φ by the number of input φ in the desired kinematic regions. Figure 4 shows examples of correction factors (tracking efficiency × acceptance) for our analysis as a function of φ meson p T for selected centrality bins for Au+Au 200 GeV, d+Au 200 GeV and p + p 200 GeV collisions. It can be seen that the overall correction factors increase from a few percent at low p T to over 30% at high p T . Low efficiency at low p T is mainly due to poor acceptance of the daughter tracks. The efficiency is lower in more central collisions because of the increasing occupancy in the TPC [56] .
F. Vertex finding and trigger efficiency correction
For p + p and d+Au data, the trigger efficiency is less than 100% [63] . The MB trigger for p + p data was found to trigger ∼ 87% of p + p NSD events. For d+Au data, the trigger efficiency was found to be ∼ 95%. These trigger efficiencies were used to normalize the measured yield and the corresponding uncertainties are added to the total systematic errors for p + p and d+Au data. The MB trigger efficiency for Au+Au data is essentially 100% [56] .
It was found that the event vertex finding efficiency, which is the fraction of events having reconstructed vertices, drops rapidly for low multiplicity events [56] . For d+Au collisions, the vertex efficiency was 88% for the most peripheral bin (40-100%), 93% for the MB events and 100% for the central and middle central bins (0-20% and 20-40%). For Au+Au collisions, the vertex finding efficiency was 99.9% and p T independent [64] due to the increased track multiplicity in those collisions. However the overall vertex finding efficiency was found to be 98.8% for the MB p + p data by applying an additional BBC time difference selection (i.e., the NSD requirement), and the effect of correction was negligible in this analysis. We employed the STAR standard reaction plane method as described in Refs. [65, 66] , which uses a Fourier expansion to describe particle emission with respect to the reaction plane angle, that is
where Ψ r is the real reaction plane angle and ϕ is the particle's azimuthal angle. The coefficient v 2 in the secondorder term of the expansion is the dominant part and is called the second harmonic anisotropic flow parameter, or elliptic flow.
The real reaction plane angle Ψ r is not known, but can be estimated experimentally [67] . In our analysis, the estimated reaction plane angle from the second-order harmonic (Ψ 2 ) was used. This has a finite resolution due to a limited number of particles available in each event and a different event-by-event v 2 , which is used for the estimation. The estimated reaction plane resolution was used to correct the observed v obs 2 to obtain the final estimation of v 2 .
The event plane angle Ψ 2 was calculated by the equation
where the sums are over all charged particles used for reaction plane determination, w i and ϕ i are the weight and azimuthal angle for the ith particle in a given event, respectively. The weights include both a p T weight and ϕ weight. The p T weight was taken to be the particle p T up to 2.0 GeV/c and constant (2.0) above that [66] . The ϕ weight was taken to be the reciprocal of the ϕ distribution (normalized by the average entries) for all selected tracks. The autocorrelations were eliminated by excluding all kaon tracks used in the φ invariant mass calculation from the reaction plane angle estimation [64] . The reaction plane resolution was then calculated by
where Ψ a 2 is the calculated reaction plane angle of the subevent, and C is a constant calculated from the known multiplicity dependence of the resolution [66] . This resolution was determined by dividing each event into two random subevents, a and b, with equal multiplicities. The reaction plane resolution therefore corresponds to how accurately the event plane angle represents the real reaction plane; due to its the definition in Eq. (6), a value of unity indicates ideal resolution. Figure 5 presents the reaction plane resolutions in different centrality bins for Au+Au 200 GeV collisions.
The combinatorial background in the φ invariant mass distribution was also calculated by an event-mixing technique as described above. To guarantee the mixed-event sample would represent the combinatorial background, an additional cut, the reaction plane angle difference between two mixed events, was required to be less than 0.1π rad in the event-mixing procedure. After background subtraction, φ meson yield was extracted in each (p T , ϕ − Ψ 2 ) bin. The yield distribution as a function of ϕ − Ψ 2 was fitted by the function
to extract the v was then divided by the reaction plane resolution to obtain the final v 2 , i.e.,
Simulation studies have found that the measured v 2 is about 7% (relative to the real v 2 ) lower than the real v 2 due to binning effects (five bins in ϕ − Ψ 2 ); a correction has been made to the measured v 2 to account for this effect.
Invariant mass method
A new method, namely, the invariant mass method, was also used to extract the elliptic flow v 2 of the φ meson. The method was proposed in Ref. [68] , which decomposes the anisotropic flow v n of a short-lived particle from that of all possible daughter pairs as a function of invariant mass. For extracting the v 2 of the φ meson, it utilizes the fact that the v 2 of K + K − pairs is composed of the v 2 of the combinatorial background and the v 2 of the φ meson. Following the mixed-event backgroundsubtraction procedure described in Sec. II D, the number of K + K − pairs in each invariant-mass bin were counted, irrespective of the pair azimuth. Then
where N φ and N B are from the φ signal and the background, respectively. Once N φ has been extracted via event-mixing and fitting the φ mass peak with Eq. (3) for each p T bin as discussed in Section II D, N B can be obtained from Eq. (9).
The same-event v 2 for K + K − pairs vs. invariant mass can be described by the function (10) where v 2 (m inv ) is the v 2 of same-event
is the ratio of the φ signal to the sum of the background and φ signal. The reaction plane angle Ψ 2 was estimated in the same way as for the reaction plane method described in the previous section. Therefore the two methods are not completely independent. v 2 (m inv ) can then be calculated from the following equation [66] for each m inv bin
where ϕ KK is the azimuthal angle of the 
is found, as expected, to be consistent with zero due to collisional geometry symmetry [66] . The v 2S value [i.e., v obs 2 in Eq. (7)] determined by the fit was corrected for the reaction plane resolution to obtain the final v 2 for the φ meson. The final v 2 results and related discussions will be presented in Sec. III E.
H. Systematic uncertainties
Major contributions to the systematic uncertainties come from variations in the procedure used for extracting the yields from the K + K − invariant mass distributions and from variations in the determination of tracking and particle identification efficiencies. Different residual background functions (first-order vs. third-order polynomial curves) were used to estimate the uncertainty of the raw yield extraction in each bin, and it was found to be of the order of ∼ 4.5%. The uncertainty due to different mixed-event normalization factors was estimated to be ∼ 2.1% by varying the normalization region in the mixed-event background distribution. The uncertainty from tracking and PID efficiencies was estimated to be ∼ 8%, by varying the kinematic and PID cuts on the daughter tracks.
The overall systematic uncertainty was estimated to be approximately 10% for the yield (dN/dy), and 10% for p T for the Au+Au and the d+Au data. It includes an additional contribution from the difference between exponential and Levy function fittings of the transverse mass or transverse momentum distributions. The systematic uncertainty in the overall normalization for the p + p 200 GeV data was found to be 15% for dN/dy and 5% for p T , including uncertainties due to vertex finding and trigger inefficiency for low multiplicity events. Systematic uncertainties for the v 2 measurement from the two different v 2 extraction methods show p T and centrality dependences, which mainly result from the determination of S/(S+B) ratios for the invariant mass method and from the removal of residual background in the reaction plane method, respectively. In our analysis, the point-to-point systematic errors included contributions from the following:
(i) Difference in finding the φ-meson signal via bin-bybin counting or Breit-Wigner function fitting methods;
(ii) Difference due to the residual background fitting function: first-or third-order polynomial functions;
(iii) Difference in combinatorial background determination: rotation of the background (the mixed event is from the azimuthal angle rotation of all tracks from the same event) or event-mixing (the current method);
(iv) Difference in v 2 calculation: centrality-bycentrality v 2 calculation and then weighting to get the final MB v 2 or direct calculation of the v 2 through MB raw yield fitting. In the larger p T region (> 1 GeV/c), the measured mass and width for the φ meson are consistent with those from Monte Carlo (MC) embedding simulations in various collision systems and at different energies. At low p T (< 1 GeV/c), the measured φ meson mass is lower and the width is larger than from simulation. The drop of the φ meson mass in both real data and simulation at low p T is due to the multiple scattering energy loss of low p T tracks in the detector, which is not fully corrected during track reconstruction. Figure 9 shows shape comparisons between experimental and MC invariant mass distributions for the φ meson at 0.6 < p T < 1.0 GeV/c in p + p 200 GeV (NSD) and Au+Au 200 GeV (0-5%) collisions. The real data φ invariant mass peak (solid circles) is wider than that from standard MC data set (1) (open circles). If the momentum resolution for low p T kaons used in the simulations is increased by 50%, e.g., kaon momentum resolution at 350 MeV/c increases from ∼2% [MC data set (1)] to ∼3% [MC data set (2)], the φ meson width from simulation reproduces the measured width from real data as shown by open diamonds. This decreased momentum resolution in MC could be possible considering uncertainties in simulations for the amount of material between the TPC active volume and the primary collision vertex and residual geometry alignment issues. These remaining issues for the differences in mass and width of φ mesons between real data and simulations have limited our sensitivity to possible small modifications of φ meson properties in the medium produced at RHIC collisions. It should also be noted that to really trace down the possible modification of the φ meson mass and width in heavy-ion collisions, measurements through the dilepton decay channel are needed. An interesting excess on the low-mass side of the φ meson invariant mass peak was observed by an e + + e − channel in the low βγ region (βγ < 1.25) for 12 GeV p+Cu interactions from the recent KEK experiment [22, 23] . This may indicate a vector meson mass modification at normal nuclear density. φ measurements using the dilepton channel will hopefully be addressed in STAR in year 2010 with the time-of-flight detector upgrade under construction.
III. RESULTS
A. Mass and width
B. Spectra
φ meson differential invariant yields were calculated by correcting the extracted raw yield by tracking efficiency, detector acceptance and the decay branching ratio. Figure 10 
where the slope parameter T exp and yield dN/dy are free parameters. For p + p 200 GeV and d+Au 200 GeV data, the distributions were fitted by a Levy function [69, 70] 
where n, the slope parameter T Levy , and yield dN/dy, are free parameters. For the four most peripheral centrality bins (40-50%, 50-60%, 60-70% and 70-80%) in Au+Au collisions at 200 GeV, the distributions were better fit by a Levy rather than by an exponential function. In fact, the exponential function [Eq. (12) ] is the limit of the Levy function [Eq. (13)] as n approaches infinity; i.e., T exp = T Levy (n→∞). Table III lists the extracted slope parameter T , mean transverse momentum p T , and yield dN/dy from the best fits to the spectra. Overall estimated systematic uncertainties on these quantities are also listed. The φ meson transverse mass spectra in central Au+Au collisions can be well described by a single m T -exponential function, while the spectra in d+Au, p + p and peripheral Au+Au are better described by a Levy function, due to the power-law tail at intermediate and high p T . Figure 11 compares the transverse momentum spectra shapes in different 200 GeV collision systems (0-5% Au+Au, 0-20% d+Au, and inelastic p + p). The spectra are normalized by the number of binary collisions (N bin ) and number of participant pairs (N part /2). N bin and N part were determined by Glauber model calculations [56] . We again point out that STAR only triggered on NSD p + p events (measured σ N SD = 30.0 ± 3.5 mb) [71] , while the Glauber model calculations use the p + p inelastic cross section (σ inel = 42 ± 1.0 mb). Thus the NSD p + p spectrum was normalized to the inelastic yield by a correction factor of 30/42.
A change in the shape of spectra from p + p, d+Au and peripheral Au+Au collisions to central Au+Au collisions is clearly visible. In comparison with the fitting result for 200 GeV p + p collisions in the high p T (4.0 < p T < 6.0 GeV/c) region, the N bin normalized yield is suppressed in central Au+Au collisions at 200 GeV, while no suppression is observed for d+Au collisions at 200 GeV. Since particles with high transverse momentum are mostly produced in hard scattering processes and modified by interactions with the medium in high energy heavy-ion collisions [72, 73, 74] , the change of φ spectra from the Levy function shape in peripheral Au+Au collisions to an exponential function shape in central Au+Au collisions may indicate that different physics dominates the particle production in this p T region. In the low p T (p T < 1.0 GeV/c) region, the N part /2 normalized φ yield in d+Au collisions scales with that in p + p collisions, whereas it is enhanced significantly in central Au+Au collisions. This indicates that the hot environment created by central Au+Au collisions favors the production of soft φ mesons.
Theoretical calculations have shown that particles with different transverse momenta (or in different collision systems) are produced by or evolve with different mechanisms, such as hydrodynamics [35, 36, 37, 38] , coalescence/recombination [39, 40, 41, 42, 43, 44] , fragmentation [75, 76, 77] and jet quenching [72, 73, 74] mechanisms. The observed change of the φ p T spectra shape in our measurements is likely due to the change of these production mechanisms in different kinematic regions and collision systems. Further evidence of this will be discussed later, based on the measurements of different observables. the largest centrality bins and the Au+Au 130 GeV results where there are only three centrality bins with big error bars due to the limited statistics. For 200 GeV collisions, the yield increases rapidly from p + p and d+Au to peripheral Au+Au collisions and then saturates for midcentral Au+Au collisions. For the same N part , (dN/dy)/(0.5N part ) increases with the collision energy of the Au+Au collisions. This is expected because of the increase of energy available to produce the φ mesons. The centrality and energy dependences of the enhancement of φ meson production can reflect the mechanism of strangeness enhancement in a dense medium formed in high energy heavy-ion collisions [78] .
The upper panel of Fig. 13 shows the N part dependence of φ meson p T in different collision systems, where p T is extracted from the best fit to the m T spectra as described and shown in Table III . The measured p T of the φ meson shows no significant centrality dependence within systematic errors. At the same N part value, the φ meson p T increases slightly with collision energy from 62.4 to 200 GeV.
The mean values of transverse momentum p T as a function of hadron mass from 62.4 and 200 GeV central Au+Au collisions are presented in the lower panel of Fig. 13 . These data are taken from Refs. [30, 79] . The p T of ordinary hadrons π − , K − , andp follows a trend that is increasing with the mass of the hadron, as expected from the dynamics of these particles coming from a common radial velocity field shown as the hatched band [Hydro. model (1) ] in the plot [80, 81] . However, heavy hyperons such as Ξ and Ω show a deviation from the trend. Their values of p T are lower than the expected ones. The observed p T values for φ meson and Λ are similar to those of Ξ and Ω. Meanwhile, another hydrodynamic model (2) shown by the curve [82, 83] , which considers possible different chemical freeze-out temperatures for ordinary and strange hadrons, gives a better description for strange particle p T . This behavior can be explained if strange hadrons have a smaller scattering cross section than ordinary hadrons in the later hadronic stage of the collisions. These strange particles would then decouple earlier from the system. The collective motion of the φ meson and multistrange hadrons Ξ and Ω should have been developed at the early partonic stage in Au+Au collisions at RHIC. If radial flow is built up through the evolution of the system, the particles with a smaller hadronic cross section would have smaller radial velocity and relatively smaller p T .
C. Ratios
The yield ratio φ/π − as a function of the center-ofmass energy per nucleon pair ( √ s N N ) is presented in the upper panel of Fig. 14 . The φ/π − ratio increases with energy in both A+A [14, 30, 49, 84, 85, 86] and p+p collisions [87, 88, 89, 90] , indicating that the yield of the φ increases faster than that of the π − in A+A and p+p collisions with increasing √ s N N . The φ/π − ratio in A+A collisions is enhanced compared to that for p + p collisions, which indicates that A+A collisions may provide a more advantageous environment for the production of φ mesons. In fact, an enhanced production of φ meson in heavy-ion environment has been predicted to be a signal of QGP formation [5] . However, no clear conclusion can be drawn from the experimental measurements since the relative enhancement from p + p to A+A collisions does not seem to change for √ s N N >10 GeV. The bottom panel of Fig. 14 shows the N part dependence of the φ/π − ratio in different collisions. The φ/π − ratio first increases with N part , and then seems to be saturated in the high N part region.
To further study whether φ meson production, or just that of strange particles, is enhanced in high energy A+A collisions with respect to elementary collisions, we have plotted the yield ratio of φ/K − as a function of √ s N N in A+A, e+e and p+p collisions in the top panel of Fig. 15 . For these collisions, at energies above the threshold for φ production, the φ/K − ratio is essentially independent of collision species and energy from a few GeV up to 200 GeV [14, 30, 49, 84, 85, 86, 87, 88, 89, 90] . The TABLE III: Results from fits to the transverse mass distributions of the φ meson. The fit functions used to extract the results are also listed. All values are for midrapidity |y| <0.5. The first error is statistical; the second is systematic. lower panel of Fig. 15 shows that the yield ratio φ/K − from our analysis is also almost constant as a function of centrality. This is remarkable considering that the environment created by p + p collisions is so drastically different from that of Au+Au collisions that have both partonic and hadronic interactions.
The centrality dependence of the φ/K − ratio provides another serious test for rescattering models based on the assumption that kaon coalescence is the dominant mechanism for φ production. The KK and K-hyperon modes are included in these rescattering models [12, 13] . They predict an increasing φ/K − ratio vs. centrality (shown by the dashed line in the lower panel of Fig. 15 ), which is again in contradiction with the approximately flat trend of our measurements. Note also that the φ/K − ratio from the UrQMD model is scaled by a factor of 3.4 to match the magnitude of our measurement for peripheral Au+Au collisions. The comparisons of the data to predictions from these rescattering models including p T and φ/K − effectively rule out kaon coalescence as the dominant production mechanism for the φ meson. These measurements of the φ/K − ratio may point to a common underlying production mechanism for φ and strange mesons in all collision systems.
In addition, statistical models [91, 92, 93, 94, 95] based on the assumption that the accessible phase space is fully saturated and thermalized can reproduce the STAR measurements of integrated hadron yield ratios (including φ/π − and φ/K − ) at midrapidity in p + p and Au+Au collisions at 200 GeV [34] . In these statistical models the strangeness phase-space occupancy factor γ s approaches unity with increasing N part , which indicates that strangeness approaches/reaches chemical equilibration for midcentral and central Au+Au collisions at RHIC energies.
Because the mechanisms of (multi)strange particle production are predicted to be very sensitive to the early phase of nuclear collisions, the ratio of Ω/φ is expected to reflect the partonic nature of the thermal source that characterizes QGP [96] and the effects of the strong color field (SCF) [98] . In Fig. 16 , the ratios of Ω/φ vs. p T are presented for different centrality bins. The Ω (Ω − + Ω + ) data points are from Ref. [34] (for 0-12%) and from ref. [100] for the other centralities. Also shown in the figure are three curves from two recombination model expectations for central collisions. A model by Ko et al., based on the dynamical recombination of quarks [97] , is compared with the data and found to overpredict the ratio by a factor of about 3 over the whole p T region (Note: the bumpy shape for this model is due to the limited statistics of their Monte Carlo simulation of the model.). Based on φ and Ω production from coalescence of thermal s quarks in the medium [96] , Hwa and Yang can describe the trend of the data up to p T ∼ 4 GeV/c but fail at higher p T (solid line). In the alternative SCF scenario [98, 99] , a large string tension of κ = 3 GeV/fm can reproduce the data up to p T ∼ 4.5 GeV/c in the framework of the HIJING/BB v2.0 model, but the effect of strong color electric fields remains an open issue and needs to be further investigated. With decreasing centrality, the observed Ω/φ ratios seem to turn over at successively lower values of p T , possibly indicating a smaller contribution from thermal quark coalescence in more peripheral collisions [96] . This is also reflected in the smooth evolution of the p T spectra shapes from the thermal-like exponentials to Levy-like curves.
D. Nuclear modification factor
The measurement of the nuclear modification factors R cp and R AB provides a sensitive tool to probe the production dynamics and hadronization process in relativistic heavy-ion collisions [39, 40, 41, 42, 43, 44] . R cp , which is the ratio of yields in central to peripheral heavy-ion collisions normalized by N bin , is defined as
and R AB , which is the yield ratio of nucleus (A) + nucleus (B) collisions to inelastic p + p collisions normalized by N bin , is defined as where N bin is the number of binary inelastic nucleonnucleon collisions determined from Glauber model calculations [71, 101] . It is obvious that these two ratios will be unity if nucleus-nucleus collisions are just simple superpositions of nucleon-nucleon collisions. Deviation of these ratios from unity would imply contributions from nuclear or QGP effects. It should be mentioned that when using p + p collisions in the R AB ratio, inelastic collisions should be used instead of the measured NSD collisions, therefore a correction factor 30/42, which was discussed in the above subsection B, was applied to correct the NSD yield to the inelastic yield in p+p collisions.
There is a p T -dependent correction to the NSD distribution from singly diffractive (SD) events, which is small in our measured p T range, being 1.05 at p T = 0.4 GeV/c and unity above 1.2 GeV/c as determined from PYTHIA simulations [71] . are included. Most of the systematic errors cancel in the ratios; however, the uncertainty due to particle identification from dE/dx remains as the dominant source and varies from point to point over the range ∼ 7% − 12%. In the measured p T region, the R cp of φ meson is consistent with N part scaling at lowest p T (dot-dashed line), and is significantly suppressed relative to the binary collision scale (dashed horizontal line at unity) at all p T in Au+Au collisions at 200 GeV. When compared to the STAR measured Λ +Λ and K 0 S data [45] , the R cp for φ follows that of K 0 S rather than that of the similarly massive Λ (Λ), especially for the case of 0-5%/40-60%. For 0-5%/60-80%, the R cp of φ sits between that for the K 0 S and the Λ. This may be attributed to the shape change of the φ spectra from exponential at 40-60% centrality to Levy at 60-80% centrality as discussed above, which may be due to the change of the φ production mechanism at intermediate p T in different environments with different degrees of strangeness equilibration. 
The Ω/φ ratio vs. p T for three centrality bins in √ s NN = 200 GeV Au+Au collisions, where the data points for 40-60% are shifted slightly for clarity. As shown in the legend, the lines represent the results from Hwa and Yang [96] , Ko et al. [97] and for SCF, Refs. [98, 99] .
φ meson for Au+Au 62.4, 200 GeV and d+Au 200 GeV collisions. For the three collision systems, the R cp factor follows N part scaling at low p T . However, the R cp at intermediate p T is strongly suppressed in Au+Au collisions at 200 GeV, is weakly suppressed in Au+Au collisions at 62.4 GeV, and shows no suppression in d+Au collisions at 200 GeV.
Our measured R cp for the φ meson further supports the proposed partonic coalescence/recombination scenario at intermediate p T [42, 43, 47, 48] , where the centrality dependence of particle yield depends on the number of constituent quarks (NCQ) rather than on the mass of the particle. Das and Hwa [47] proposed a recombination scenario to explain the leading particle effect in p + p collisions, where the fragmenting partons would recombine with sea quarks to form hadrons. The resulting p T distribution for the leading particle is therefore determined by the fragmenting quarks. In heavy-ion collisions, it is possible that(qqq) come together and form a meson (baryon) due to the high density of quarks (antiquarks) in the collision system. The abundant nearby partons give the recombination/coalescence mechanism a comparative advantage over the fragmentation mechanism for particle production in the intermediate p T region, and this successfully explains the relative enhancement of baryons in the intermediate p T region, such as the ratios p/π and Λ/K 0 S [102, 103, 104] . Recently, Hwa and Yang used their recombination model to successfully describe the φ meson p T spectra, but it fails to reproduce the p T dependence of Ω/φ at higher p T as shown in the previous subsection. They assumed that for the production of φ this thermal component dominates over others involving jet shower contributions because of the suppression of shower s quarks in central Au+Au collisions [96] . However, the partonic medium, with an intrinsic temperature, may modify the recombination probability and momentum distribution for the φ [42, 43, 48] . Figure 19 presents the p T dependence of the nuclear modification factor R AB in Au+Au and d+Au collisions at 200 GeV. For comparison, data points for R dAu of π + + π − and p +p are also shown in the figure. The R dAu of φ mesons reveals a similar enhancement trend as those of π + + π − and p +p at the intermediate p T , which was attributed to be the Cronin effect [105, 106, 107] . The Cronin enhancement may result either from momentum broadening due to multiple soft [108] (or semihard [109, 110, 111, 112] ) scattering in the initial state or from final state interactions suggested in the recombination model [113] . These mechanisms lead to different particle type and/or mass dependence in the nuclear modification factors as a function of p T . Our measurement of R dAu of φ mesons does not have the precision to differentiate particle dependence scenarios [114, 115] . of parton-medium final state interactions in Au+Au collisions. The two R AB observations in central d+Au and Au+Au collisions are consistent with the shape comparisons in Fig. 11 (top panel) . The first interesting observation is that the φ meson has significantly nonzero v 2 in the measured p T region. If the φ meson has a small interaction cross section with the evolving hot-dense matter in A+A collisions, it would not participate in the late-stage hadronic interactions in contrast to hadrons such as π, K, and p(p) which freezeout later. This indicates that the nonzero v 2 of the φ meson must have been developed in the earlier partonic stage. In the low p T region (<2 GeV/c), the v 2 value of φ is between that for the K 0 S and the Λ in Au+Au 200 GeV collisions, consistent with the expectation of a mass ordering for v 2 in hydrodynamic models. These observations support the hypothesis of the development of partonic collectivity and possible thermalization in the early stages of heavy-ion collisions at RHIC [34, 100] , although the underlying mechanism for the equilibration process remains an open issue.
E. Elliptic flow
In the intermediate p T region (∼2-5 GeV/c), the v 2 of the φ meson is consistent with that for the K 0 S rather than for the Λ. When we fit the v 2 (p T ) of φ mesons with the quark number scaling function [117] , the resulting fit parameter NCQ (number of constitute quarks) = 2.3 ± 0.4. The fact that the v 2 (p T ) of φ is the same as that of other mesons indicates that the heavier s quarks flow as strongly as the lighter u and d quarks. The AMPT model with string melting and parton coalescence mechanisms can reproduce the experimental results well up to 3 GeV/c, which favors the hadronization scenario of coalescence/recombination of quarks [116, 118] . The v 2 of the φ meson from other centralities are shown in Fig. 21 . The data are analyzed from the invariant mass method only. As expected, v 2 (p T ) increases with increasing eccentricity (decreasing centrality) of the initial overlap region. This trend is also illustrated in Table IV which presents the p T -integrated values of φ-meson elliptic flow, v 2 , calculated by convoluting the v 2 (p T ) with the respective p T spectrum for four centrality bins. It should be noted that the centrality dependence of the v 2 of the φ meson is consistent with that of the charged hadrons [67] . 
IV. CONCLUSION
In conclusion, STAR has measured φ meson production for 62.4, 130, 200 GeV Au+Au, 200 GeV d+Au, and NSD p + p collisions at RHIC. Details of the analysis method for φ meson are presented. The respective energy and N part dependence of the φ meson production, as well as the p T spectra for five collision systems, are reported.
The φ spectra in central Au+Au 200 GeV collisions are described well by an exponential function. The spectra for p + p, d+Au and the most peripheral Au+Au 200 GeV collisions are better described by a Levy function due to the high-p T power-law tails. This change of spectra shape from p + p, d+Au and peripheral Au+Au to central Au+Au collisions is most likely due to a change of the dominant φ production mechanism in the different collision environments. The yield of φ mesons per participant pair increases and saturates with the increase of N part . It is found that the p T of φ, Λ, Ξ, and Ω does not follow the p T vs. hadron mass trend determined by the π − , K − , andp. This may be due to their small hadronic cross sections, which indicates that the φ and strange hadrons can retain more information about the early state of the collision system.
The φ/K − yield ratios from p + p and A+B collisions over a broad range of collision energies above the φ threshold are remarkably close to each other, indicating similar underlying hadronization processes for soft strange quark pairs in these collisions. The lack of a significant centrality dependence of the φ/K − yield ratio and p T φ effectively rules out kaon coalescence as a dominant production channel at RHIC. The trend of the Ω/φ ratio is consistent with recombination models and a strong color field scenario up to p T ∼ 4 GeV/c in central Au+Au collisions.
The measurement of the φ meson nuclear modification factor R AB is consistent with the Cronin effect in d+Au 200 GeV collisions, and with the energy loss mechanism in Au+Au 200 GeV collisions. The φ meson was found to have nonzero v 2 in the measured p T range. When comparing the φ meson nuclear modification factor R cp (0-5%/40-60%) and elliptic flow v 2 to those of the similar mass Λ baryon, and to the lighter K 0 S meson, we see that the φ meson clearly behaves more like the K 0 S meson than the Λ baryon. Therefore, the processes relevant to R cp and v 2 at intermediate p T are driven not by the mass of the particle, but rather by the type of the particle, i.e. number of constituent quarks (NCQ) scaling. The coalescence/recombination model provides a fairly consistent picture to describe particle production in the intermediate p T region over a broad range of collision energies and system sizes at RHIC.
